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Super-resolution nanofabrication with metal-ion doped hybrid material through an optical dual-beam approach We apply an optical dual-beam approach to a metal-ion doped hybrid material to achieve nanofeatures beyond the optical diffraction limit. By spatially inhibiting the photoreduction and the photopolymerization, we realize a nano-line, consisting of polymer matrix and in-situ generated gold nanoparticles, with a lateral size of sub 100 nm, corresponding to a factor of 7 improvement compared to the diffraction limit. With the existence of gold nanoparticles, a plasmon enhanced superresolution fabrication mechanism in the hybrid material is observed, which benefits in a further reduction in size of the fabricated feature. The demonstrated nanofeature in hybrid materials paves the way for realizing functional nanostructures. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4905056] Direct laser writing with passive photopolymers has recently revolutionized the nano/micro-fabrication field and enabled a noninvasive and fast method for fabricating threedimensional (3D) structures towards micro-devices with a resolution at the scale of the light wavelength. 1 By elaborately designing geometries of the structures, this technique has resulted in a growing number of applications, including optical data storage, micro-fluidic channels, bio-scaffolding, and optical waveguides. On the other hand, functionalities of the structures are much less exploited due to the passive photopolymer lack of native opto-electrical properties. In this regard, hybrid photopolymeric materials are developed for fabricating functional structures by incorporating optically active components like metal or semiconductor nanoparticles. [2] [3] [4] [5] [6] [7] [8] While the polymer matrix provides the backbones for self-supporting structures, the optically active nanocomponents can offer an exceptional platform for manipulating light mater interaction at the nanometer scale.
In addition to the functionalization of the structures, the physical barrier imposed by the diffraction nature of light sets up a limit to lateral resolution and hence the feature size of k/(2NA) (k is the wavelength of the light and NA is the numerical aperture) in the fabrication of the structures. Even though some approaches including the polarization modulation, 6 multi-photon absorption, 9 chemical inhibition, 10 and high nonlinear photosensitivity 11 have been utilized to improve resolution, the focal spot with the size at the scale of the wavelength, as a result of the diffraction barrier of light, represents a fundamental obstacle to realize nanofeatures. On the other hand, the stimulated emission depletion (STED)-inspired direct laser writing has revealed that dual laser beams, enduing photo-initiated reactions with opposite functions such as photoinduction and photoinhibition, can break the diffraction barrier and achieve line structures with the feature size of sub 100 nm based on the passive photopolymeric materials by varying the intensity ratio of the two laser beams. [12] [13] [14] [15] [16] Combining with optically active components, theoretical studies even point out a way to further improve resolution and implement a low-power and low-cost scheme by employing metal nanoparticle induced local/near-field enhancement effect. 17 However, superresolution nanofabrication of hybrid photopolymer composites with a sub 100 nm feature size has never been realized yet.
In this paper, we demonstrate a super-resolution fabrication technique for sub-100 nm resolution in gold-ion doped hybrid photoresin employing a dual-beam approach. Along with the polymer matrix formed by a photopolymerization process, gold particles can be in-situ produced through the photoreduction of doped gold ions. Two laser beams are used to conduct photoreactions during the fabrication, where one beam is responsible for inducing the reaction which can be inhibited by the other beam. By overlapping the two laser beams and tuning their power ratio, the line feature size of sub-100 nm is realized.
The experimental configuration of the optical dual-beam approach for super-resolution nanofabrication with the hybrid material is shown in Figure 1(a) . One laser beam with a Gaussian shape, operating at the wavelength of 800 nm, works as the "induction beam" to excite the hybrid photoresin and generates active radicals. As shown in Figure 1 (b), once the concentration of the active radicals is above the threshold, they can reduce the gold ions and trigger the formation of gold particles at the center of the laser focal spot. 18 Meanwhile, the generated gold nanoparticles can be solidified in the polymer matrix through the accompanied polymerization process. The other laser beam at the wavelength of 532 nm working as the inhibition beam is modulated to the Laguerre-Gaussian mode to inhibit the polymerization and photoreduction at the peripheral region of such formed doughnut-shaped focal spot. Despite lacking of the ability to excite the hybrid photoresin, the inhibition beam can prohibit the generation of radicals by deactivating radical-generation precursor in the hybrid photoresin. 19 With the overlapping of the two laser beams, the radical generation can be inhibited in the ring of the inhibition beam and The choice of the hybrid photoresin is critical to realize the super-resolution fabrication of nanofeatures. The photoresin should be capable of dissolving the metal ions to form a transparent solution without significant thermal reduction of the metal ions and contain photosensitive radicalgeneration precursors that can be photo-deactivated at their excited state. To this purpose, the hybrid photoresin is prepared by mixing a monomer of SR 444 (Sartomer), a radicalgeneration precursor of isopropylthioxanthone with a content of 3 wt. %, and a salt of tetrachloroauric acid (HAuCl4) with a content of 0.5 wt. %. The tetrachloroauric acid and the isopropylthioxanthone are first dissolved in chloroform separately and then mixed with SR 444. The mixture is kept in the oven at the temperature of 50 C for 12 h to remove chloroform and concentrate the photoresin. For exciting the hybrid photoresin and triggering the photoreduction, a femtosecond laser beam at the wavelength of 800 nm (a pulse width of 140 fs and a repetition rate of 80 MHz) is employed. A continuous wave (CW) laser beam at the wavelength of 532 nm is used as the inhibition beam. The two laser beams are combined by a dichroic mirror and focused by an objective with the NA of 1.4. To prepare the sample for the fabrication, the hybrid photoresin is sandwiched by two coverslips with a spacer layer of $40 lm. Arbitrarily designed structures can be fabricated by scanning the overlapped focal spots of the dual beams across the sample mounted on a computer controlled piezo stage. After the fabrication, the sample is washed with isopropanol for 5 min. The final feature sizes of the lines as fabricated are measured by a Zeiss Supra 40 VP Field Emission Scanning Electron Microscope (SEM) with an imaging resolution of 2 nm.
The single-photon absorption spectra for a thin film of the hybrid material, as shown in Fig. 2(a) , are measured before and after the exposure to a ultra-violet (UV) lamp for 5 min. An absorption band from 520 nm to 560 nm that is the typical plasmonic resonance band of gold nanoparticles shows up after the exposure to the UV light, while the hybrid photoresin is solidified through polymerization. The absorption band for the hybrid photoresin (reference sample) is up to 450 nm, which implies that the photo-induced chemical reactions are attributed to a multiphoton absorption process by the exposure to the induction beam at the wavelength of 800 nm. The inhibition beam at the wavelength of 532 nm fallen in the emission tail of the dye isopropylthioxanthone is employed for the photodeactivation, as shown in Fig. 2(b) , which prevents the excitation of the photoresin by the inhibition beam and the resultant unwanted physical and chemical changes.
As the photoreduction of metal ions is based on the electron transfer, the formation speed of gold nanoparticles can be much faster than the formation of polymer matrix during the fabrication process. In this regard, the fabrication threshold is largely governed by the polymerization process. For the sample containing HAuCl4 with a content of 0.5 wt. %, the minimum laser power of the line fabrication is 8 mW, at a scanning speed of 125 lm/s, measured at the back aperture 19 and prevent the following photoreduction and photopolymerization reactions. S 0 , S 1 , and T 1 represent the dye isopropylthioxanthone of the ground state, the first singlet state, and the first triplet state, respectively.
FIG. 2. (a)
The single-photon absorption spectra of the hybrid photoresin before (reference) and after the exposure to UV light. (b) The single-photon absorption and fluorescence spectra of the radical generator isopropylthioxanthone in chloroform. The fluorescence spectrum reflects the excited state electron configuration of isopropylthioxanthone. The wavelength of the inhibition beam can be selected at the red tail of the emission band to avoid the re-excitation of the radical generator and ensure the inhibition process. 14 of the objective, which is equal to that used for the sample prepared without HAuCl4 salt. The SEM images of typical lines fabricated by dual laser beams at different powers of the inhibition beam are shown in Fig. 3(a) . In case of the fabrication without the inhibition beam, the multiphoton absorption induced chemical reaction gives the linewidth of 200 nm. By increasing the power of the inhibition beam, the linewidth decreases to deep sub-wavelength scale beyond the diffraction limit. This can be attributed to the inhibition beam induced photodeactivation of the isopropylthioxanthone which prevents the formation of free radicals to trigger the photoreduction and the photopolymerization. 19 At the inhibition power of 50 mW, the linewidth of sub 100 nm is realized, which corresponds to around 50% improvement compared to the diffraction limited multiphoton fabrication.
To confirm the generation of gold nanoparticles in the nano-lines, we used a confocal microscope system to obtain the transmission spectra of the nano-lines with a lamp as the light source. In the measurement, while an objective with the NA of 0.4 was used to focus the white light on to the lines, the transmitted light was collected by another objective on the opposite side with the same NA. The transmission spectra for the sub 100 nm nano-line, shown in Fig. 3(b) , reveal the extinction peak located at around 530 nm, which agrees with the absorption peak measured in bulk materials exposed to the UV irradiation. The extinction peak can be attributed to the localized surface plasmonic resonance of the gold nanoparticles formed in the lines. Thus, both of the photoreduction and the polymerization with the hybrid photoresin are clearly confined in the sub-100 nm scale, corresponding to around 1/7 of the diffraction limited focal spot of the induction beam. (The induction beam can be focused into a 690 nm spot based on Abbe's law, given the experimental condition with the induction beam wavelength of 800 nm and the NA of 1.4.)
By comparing the super-resolution fabrication of hybrid material with the sample without doped gold ions, we found that the photoactive gold components play a role in determining resolution for a given fabrication condition, shown in Table I . Whilst the increase of the inhibition beam power leads to decreased linewidth for samples either with or without doped gold ions, the absolute value of the decrease for the sample with gold ions outweighs its counterpart, which suggests greater inhibition efficiency. As the wavelength of the inhibition beam is located in the plasmonic resonant frequency range of gold nanoparticles (Fig. 2) , the increased inhibition efficiency might be attributed to the field enhancement attained by the excitation of the nanoparticle plasmonic resonance.
Since the feature size of the lines as fabricated is governed by the inhibition efficiency g inh ðrÞ that can be expressed as the probability of the free radical generation decay, r, denoting the distance from a point to the center of the induction beam, we studied the variation of the feature size against the intensity of the inhibition beam. With a CW inhibition beam, the probability of the free radical generation decay g inh ðrÞ can be approximately given as 
where I inh ðrÞ represents the intensity of the inhibition beam at a point of r, a is a constant encompassing the plasmonic effect caused by the gold particles, and I s denotes the saturated intensity. Thus, the probability to generate free radicals hðrÞ at r can be expressed as
where U rad (0.003) represents the probability to form free radicals upon the excitation by the induction beam and h exc ðrÞ is the excitation probability. For a focused induction beam, we have
and
k ind and k inh denoting the wavelength of the induction beam and the inhibition beam, respectively. In addition, it should be noted that an increase factor of the free radical generation probability as a result of the photoabsorption by gold particles cannot be neglected in case of using high power of the inhibition beam. 21, 22 Thus, hðrÞ needs to be modified to take the photoabsorption effect into consideration hðrÞ plus ¼ U rad h exc ðrÞ½g inh ðrÞ þ g abs ðrÞ;
where g abs ðrÞ ¼ bð1 þ I c =I inh Þ À1 is the increase of the free radical generation probability caused by the photoabsorption of gold nanoparticles, b is a constant encompassing the content and the size of the gold nanoparticle. In this case, the feature size of nano-lines obtained from the fitting qualitatively agrees with the experimental results, as shown in Table I . When the inhibition beam power of 30 mW is used, it reveals that the sample doped with gold ion results in the feature size of 16.4% less than its counterpart, illustrating that the plasmonic enhancement effect benefits in producing smaller features at a relatively low inhibition power. Further increasing the inhibition beam power, a turning point of the feature size is observed. Enlarged feature size appears once the inhibition beam power exceeds 60 mW, as a result of the photoabsorption effect of gold nanoparticles.
In conclusion, we have realized an optical dual-beam super-resolution fabrication technique at the scale far beyond the diffraction limit in a metal-ion doped hybrid photoresin. By optimizing the power ratio between the induction beam and the inhibition beam, we achieved sub-100 nm polymer lines embedded with gold nanoparticles. In addition, plasmon enhanced super-resolution fabrication has been observed. The demonstrated optical dual-beam fabrication technique based on metal-ion doped hybrid material paves the way to prepare metal doped nanostructures with superresolved feature size for plasmonic and metamaterial applications. 23 It is also promising for super-resolution nanofabrication of hybrid material with flexible active components in developing micro-/nano-devices towards a broader range of applications in the field of photovoltaic, biosensing, 3D display, and so on. This work was supported by the Australian Research Council (ARC) the Laureate Fellowship scheme (FL100100099).
